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Abstract
In addition to its kinase activity, myosin light chain kinase has an actin-binding activity, which results in bundling of actin
filaments [Hayakawa et al., Biochem. Biophys. Res. Commun. 199, 786^791, 1994]. There are two actin-binding sites on the
kinase: calcium- and calmodulin-sensitive and insensitive sites [Ye et al., J. Biol. Chem. 272, 32182^32189, 1997]. The
calcium/calmodulin-sensitive, actin-binding site is located at Asp2^Pro41 and the insensitive site is at Ser138^Met213. The
cyanogen bromide fragment, consisting of Asp2^Met213, is furnished with both sites and is the actin-binding core of myosin
light chain kinase. Cross-linking between the two sites assembles actin filaments into bundles. Breaking of actin-binding at
the calcium/calmodulin-sensitive site by calcium/calmodulin disassembles the bundles. ß 1999 Elsevier Science B.V. All
rights reserved.
1. Introduction
Myosin light chain kinase (MLCK) is an enzyme
that phosphorylates the light chain of smooth muscle
myosin in the presence of Ca2 and calmodulin (Ca/
CaM), thereby activating the myosin so that it can
interact with actin ¢laments (see [1] for review). It
thus follows that MLCK has the ability to bind my-
osin [2]. In addition, MLCK has an actin-binding
activity [2^5] that is abolished by Ca/CaM [2,6,7].
This activity, however, is not related to the kinase
activity of MLCK and suggests that MLCK has an-
other role in regulating the actin-myosin interaction.
A novel role of MLCK that has previously de-
scribed is that it binds to actin ¢laments and inhibits
the actin-myosin interaction [8^10]. The inhibition is
relieved by Ca/CaM. This actin-linked regulation is
similar to that of caldesmon and calponin [11^14],
see also [15^17] for reviews. Recently, we have pub-
lished that MLCK has Ca,CaM-sensitive and insen-
sitive actin-binding sites at its N-terminal and middle
portions, respectively [18]. The Ca/CaM-sensitive site
corresponds to the site reported by Kanoh et al. [19],
Gallagher and Stull [20] and Lin et al. [7].
To date, many actin-binding proteins have been
proposed, most of which also modulate the function
of actin ¢laments (see [21] for review). We have dem-
onstrated morphologically and biochemically that
MLCK assembles actin ¢laments into bundles [6].
In this study, we investigate the sites in MLCK
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that cross-link actin ¢laments and are responsible for
its bundling activity.
2. Materials and methods
2.1. Preparation of proteins
All procedures were carried out at 0^4‡C. The pu-
rity of proteins was routinely monitored by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (see below) so that they were s 95%
pure. The puri¢ed proteins, except actin (see below),
were divided into aliquots and stored at 380‡C until
they were used. All columns (see below) were incor-
porated into a high performance liquid chromatog-
raphy system (model L-6200, Hitachi, Tokyo, Ja-
pan). MLCK was prepared by the method of
Adelstein and Klee [22] with a slight modi¢cation
[6]. In short, MLCK was extracted from smooth
muscle of chicken gizzard and was subjected to am-
monium sulfate fractionation. After fractionation,
MLCK was puri¢ed using column chromatography
in a DEAE-Toyopearl 650M column and subse-
quently in SP-Toyopearl 650M and AF-blue Toyo-
pearl 650 ML columns (Tosoh, Tokyo, Japan). This
MLCK was used in all experiments.
After passing through a DEAE-Toyopearl chro-
matography column, the MLCK preparation was
left on ice overnight. In addition to the parent
130 kDa MLCK band, SDS-PAGE detected a
110 kDa band presumably produced by the endoge-
nous protease(s). This 110 kDa fragment was co-pu-
ri¢ed with MLCK by subsequent SP-Toyopearl and
AF-blue-Toyopearl chromatography. The mixture
was used for the actin-binding assay (see below).
MLCK fragments were obtained by the chemical
cleavage of MLCK with cyanogen bromide (CNBr)
at a Met site or with 2-nitro-5-thiocyanatobenzoic
acid (NTCB) at a Cys site. MLCK was cleaved by
CNBr using the method of Lucas et al. [23]. Cleavage
by NTCB used the method described for caldesmon
by Sutherland and Walsh [24]: 6 mg MLCK was
incubated at 25‡C in 2 mM NTCB, 0.1 mM EGTA
and 200 mM Tris-HCl (pH 9.0). After incubation for
12 h, the reaction was terminated by adding 2-mer-
captoethanol (2-ME) to a ¢nal concentration of 14
mM. The actin-binding fragments, as monitored by
the high-speed centrifugation assay (see below), were
30 kDa for CNBr cleavage and 17 kDa for NTCB
cleavage in SDS-PAGE (see below for the actual
molecular masses of these fragments). These actin-
binding fragments were puri¢ed by modifying the
method of Kanoh et al. [19] as follows. MLCK sub-
jected to cleavage by CNBr or NTCB was dialysed
against 30 mM sodium acetate (pH 3.1), 0.1 mM
EGTA and 14 mM 2-ME. After dialysis, the precip-
itate was removed by centrifugation and the super-
natant was applied to a SP-Toyopearl 650M column
that was equilibrated in the same bu¡er. The actin-
binding fragments were then eluted by a linear NaCl
gradient of 0^0.5 M. The peak samples containing
the fragments were pooled and dialysed against
20 mM Tris-HCl (pH 7.5), 0.1 mM EGTA and
14 mM 2-ME and were then applied to a column
of DEAE-Toyopearl 650M that was equilibrated in
the same bu¡er. The fragments were again eluted by
a linear NaCl gradient of 0^0.5 M, concentrated by
ultra¢ltration with Centricon-10 (Amicon, Beverly,
MA, USA) and applied to a Superose 12 gel ¢ltra-
tion column (Pharmacia, Upsala, Sweden). After
checking the purity of the CNBr and NTCB frag-
ments eluted from the column by SDS-PAGE (see
below), the fragments were used in our experi-
ments.
The positions of the NTCB, CNBr and 110 kDa
fragments in the primary structure of MLCK [25]
were determined by partial amino acid sequencing
from the N-terminal of the fragments using an Ap-
plied Biosystems 477A analyser. The NTCB frag-
ment consisted of the Met1^Lys114 sequence
(12.4 kDa, see [17]) and the CNBr fragment of the
Asp2^Met213 sequence (22.5 kDa). The intact MLCK
consisted of the Met1^Glu972 sequence (107.5 kDa,
see [25]). The molecular masses used for calculating
the molar concentrations of these fragments were
obtained from the amino acid sequences.
The recombinant actin-binding fragments of
MLCK were prepared as described previously
[17,18]. In short, the pET21 vectors carrying cDNAs
for the fragments were transfected to Escherichia coli
BL 21 (DE 3). The fragments were overexpressed
and then puri¢ed. The fragments were: NN frag-
ments (35.3 kDa) containing a Ca/CaM-sensitive ac-
tin-binding site [18], a NC fragment (44.4 kDa) con-
taining a Ca/CaM-insensitive site [18] and a N
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fragment (77.4 kDa) containing both the Ca/CaM-
sensitive and insensitive sites [17].
Skeletal muscle actin was puri¢ed from an acetone
powder of chicken breast muscle [26] and used as
actin ¢laments after polymerization. The concentra-
tions of actin ¢laments were expressed in terms of
monomeric actin. CaM from bovine brain was
from Sigma (St Louis, MO, USA). We adopted mo-
lecular masses of 41.8 kDa for actin and 16.7 kDa
for CaM.
2.2. Low-speed centrifugation assay for the
actin-bundling activity of MLCK and its
fragments
Actin ¢laments at a concentration of 12 WM were
mixed with speci¢ed amounts of MLCK and CaM in
50 mM KCl, 20 mM Tris-HCl (pH 7.5) and 1 mM
EGTA or 1 mM Ca2 unless otherwise speci¢ed in
the ¢gure legends. The mixture was incubated for 1 h
at 25‡C and centrifuged at 11 000Ug for 15 min at
25‡C. The supernatants were separated from the pel-
lets and both fractions were subjected to SDS-PAGE
(see below). To quantify the bundling activity, the
amounts of actin isolated by SDS-PAGE from the
supernatant and the pellet were determined with a
microdensitometer [6]. The activity was also moni-
tored by optical and electron microscopy (see be-
low).
Unless otherwise speci¢ed, Ca2 was at a high
concentration (1 mM) for the low- and high-speed
centrifugation assays (see below) to ensure that
CaM could fully interact with MLCK and its frag-
ments.
2.3. High-speed centrifugation assay for the
actin-binding activity of MLCK and its fragments
Actin ¢laments at a concentration of 12 WM were
mixed with speci¢ed amounts of MLCK and CaM in
50 mM KCl, 20 mM Tris-HCl (pH 7.5) and 1 mM
EGTA or 1 mM Ca2 unless otherwise speci¢ed in
the ¢gure legends. The mixture was incubated for 1 h
at 25‡C and centrifuged at 140 000Ug for 20 min in a
Beckman Airfuge at 25‡C. The amount of MLCK in
both the supernatants and the pellets was determined
by SDS-PAGE followed by densitometry as de-
scribed above and then, the amount of MLCK
bound to actin ¢laments was calculated [11]. The
binding activity of the fragments of MLCK was as-
sayed in the same way.
Because the low-speed centrifugation assay precip-
itates actin ¢laments assembled by MLCK, isolated
actin ¢laments, even though they may be bound to
other actin ¢laments, remain in the supernatant.
However, the high-speed centrifugation precipitates
both the assembled and isolated actin ¢laments, giv-
ing the total amount of MLCK bound to actin ¢la-
ments.
2.4. Interaction between CaM, MLCK and its
fragments
CaM was labelled with dansyl-chloride (Wako
Pure Chemical, Tokyo, Japan) by a procedure de-
scribed previously by Kincaid et al. [27]. Increasing
amounts of MLCK or its fragments were added at
25‡C in 50 mM KCl, 20 mM Tris-HCl (pH 7.5) and
0.1 mM Ca2 or 0.1 mM EGTA and changes in the
intensity of the £uorescence of dansyl-CaM (0.04 WM)
were measured using a spectro£uorometer (FP-770,
Jasco, Tokyo, Japan). An emission spectrum was
obtained with an excitation wavelength of 340 nm.
Changes in the intensity at 473 nm were considered
to indicate the binding of MLCK or its fragments to
CaM.
2.5. Other procedures
Actin ¢laments that were bundled by MLCK or its
fragments as described above were observed using a
phase-contrast optical microscope (Zeiss Axioplan,
Oberkochen, Germany). They were also observed
with a JEM 100C electron microscope (Jeol, Tokyo,
Japan) after negative staining with 1% uranyl ace-
tate. Just before staining, samples were diluted
3-fold with the bu¡er used to dissolve them.
The sedimentation coe⁄cient (S value) of a 3.2
WM solution of MLCK was determined by measur-
ing its sedimentation velocity with an analytical ul-
tracentrifuge (model 282, Hitachi, Tokyo, Japan) at
60 000 rpm at 20‡C by modifying the procedures de-
scribed by Adelstein and Klee [23].
SDS-PAGE was carried out using the method of
Laemmli [28] with a slight modi¢cation [11]. Protein
concentrations were determined using the method of
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Bradford [29] and/or Lowry et al. [30] with bovine
serum albumin as the standard.
3. Results
3.1. Bundling of actin ¢laments by MLCK
Actin ¢laments were incubated together with
MLCK and CaM to form bundles (Fig. 1a). After
incubation, the actin ¢laments were assayed using
low-speed centrifugation to quantify the bundling
activity of MLCK. In the absence of MLCK, actin
¢laments were not precipitated (Fig. 2a, lane 2).
However, in the presence of MLCK, most of the
actin ¢laments were recovered in the precipitate to-
gether with MLCK (Fig. 2a, lane 4).
Fig. 2b shows the quantitation of the bundling
activity of MLCK. In the absence of Ca2, the num-
bers of actin ¢laments bundled by MLCK increased
with the increase in the concentration of MLCK
(open circles). The maximal percentage of bundled
actin ¢laments was 83.3 þ 3.8% (mean þ S.E.M.,
n = 4). The concentration of MLCK giving half-max-
imal bundling was 1.5 þ 0.1 WM, (mean þ S.E.M.,
n = 4), i.e. 8.3 mol actin per mol MLCK. When
CaM was allowed to interact with MLCK in the
presence of Ca2, there was virtually no bundling
activity (¢lled circles).
Fig. 2c examines the stoichiometry of
CaM:MLCK required to bundle actin ¢laments.
Under conditions in which MLCK assembles 75%
of the actin ¢laments as bundles, we examined the
e¡ect of CaM at various ratios to MLCK in the
presence of Ca2. The percentage of bundled actin
¢laments decreased with the increase in the CaM/
MLCK ratio. The CaM/MLCK ratio that gave
half-maximal bundling was 0.73 þ 0.07 (mean þ
S.E.M., n = 3).
3.2. Is polymeric MLCK required for bundling
activity?
MLCK in low-salt solutions has been reported to
polymerize at higher concentrations [31]. MLCK at a
concentration of 3.2 WM was subjected to analytical
Fig. 1. Bundles of actin ¢laments as visualized by phase-contrast and electron microscopies. Actin ¢laments were mixed with 1.5 WM
MLCK or 8.4 WM CNBr fragment and incubated at 25‡C for 1 h to form bundles. The bundles were observed with a phase-contrast
microscope (a and b) or with an electron microscope (c and d) after negative staining. (a) and (c), MLCK; (b) and (d), CNBr frag-
ment. Bar, 50 Wm for (a) and (b); 0.1 Wm for (c) and (d).
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centrifugation in the same bu¡er used for the bun-
dling activity assay of MLCK. We found that
MLCK sedimented with S20;w = 4.57, a value that is
comparable to the S20;w of the monomeric form (Ta-
ble 2 in [22]).
MLCK is in its monomeric form under the assay
conditions for its bundling activity. This is also in-
dicated by a cross-linking experiment as follows. We
incubated MLCK at 2.7 WM in 50 mM KCl, 20 mM
Tris-HCl (pH 7.5), 1 mM EGTA and with 2 mM
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide ac-
cording to the method described by Sobieszek et al.
[31]. The incubated MLCK was then subjected to
SDS-PAGE. We found no protein bands that indi-
cated cross-linking between MLCK molecules (data
not shown).
Bundling of actin ¢laments has been attributed to
cross-linking between actin-binding sites. Thus, two
or more sites are required for the proteins that as-
semble actin ¢laments (see [21], for a review). In the
case of caldesmon, the multiplicity is attained by
forming dimers between sulfhydryl residues in the
caldesmon molecule [32]. However, the above experi-
ments indicate that MLCK is present in a mono-
meric form under the conditions required for actin-
bundling activity. Thus, MLCK would be expected
to have two (or more) actin-binding sites, a hypoth-
esis that is supported by the following experiment.
3.3. Binding of MLCK to actin ¢laments
MLCK was mixed with actin ¢laments and CaM
in the presence or absence of Ca2. The mixture was
subjected to high-speed centrifugation to precipitate
MLCK bound to actin ¢laments. A typical example
of the relationship between the amount of MLCK
bound to actin ¢laments and the concentration of
free MLCK is shown in Fig. 3, inset. Analysis with
double reciprocal plots (Fig. 3) indicated that MLCK
in the presence of CaM was bound to actin ¢laments
with an apparent association constant (Ka) =
2.2U106/M in EGTA and with a Ka = 5U104/M in
Ca2 (Table 1). These ¢gures are in agreement with
Fig. 2. Bundling of actin ¢laments by MLCK. Actin ¢laments were assembled to form bundles as described in the legend to Fig. 1.
(a) The bundles of actin ¢laments were formed in EGTA with or without 2.7 WM MLCK and then precipitated by low-speed centrifu-
gation. The supernatant (lanes 1, 3) and precipitate (lanes 2, 4) were separately subjected to SDS-PAGE. Lanes 1 and 2, without
MLCK; lanes 3 and 4, with MLCK. (b) Actin ¢laments were allowed to form bundles in the various concentrations of MLCK (0^4.5
WM), 20 WM CaM and EGTA or Ca2. The bundles were precipitated by low-speed centrifugation. The percentage of precipitated ac-
tin ¢laments (ordinate) of the total actin was plotted against the concentrations of MLCK (WM) (abscissa). Open circles, in EGTA;
¢lled circles, in Ca2. (c) Actin ¢laments were assembled by 2.7 WM MLCK, Ca2 and various concentrations of CaM (0^40 WM)
and subjected to the low-speed centrifugation assay. The percentage of precipitated actin ¢laments (ordinate) were plotted against the
molar ratio of CaM to MLCK (abscissa). Data are expressed as mean þ S.E.M. (n = 3).
Table 1
Association constans of MLCK and its fragments
In EGTA In Ca/CaM
MLCK 2.2U106/M 5U104/M
CNBr fragment 1.1U105/M 6U104/M
NTCB fragment 2.0U105/M N.D.
N.D., not detectable.
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those of Sellers and Pato [2]. However, unlike their
report, the inhibition by Ca/CaM was not competi-
tive because the lines of double reciprocal plots in the
presence and absence of Ca/CaM did not meet on
the ordinate or abscissa. This non-competitive bind-
ing property is in accordance with our previous con-
clusion that MLCK binds to actin ¢laments in both
Ca/CaM-sensitive and insensitive manners [18]. Anal-
ysis with Scatchard plots indicated that the binding
in EGTA was via high (Ka = 1.84U106/M) and low
(Ka = 7.5U104/M) a⁄nity sites and that the relation-
ship in Ca2 was only via a low a⁄nity site
(Ka = 9.1U104/M). These data con¢rm our previous
data [18] and give further support for two classes of
binding sites.
Because of the monomeric nature of MLCK in the
solution used in our experiments, bundling of actin
¢laments by MLCK can be attributed to the cross-
linking of actin ¢laments by these Ca/CaM-sensitive
and insensitive sites. When actin-binding at the Ca/
CaM-sensitive site was abolished by Ca/CaM, bun-
dles of actin ¢laments should not be assembled (Fig.
2c).
3.4. Binding of the CNBr fragment to actin ¢laments
To examine which part of the MLCK molecule
binds to actin ¢laments, MLCK was cleaved at its
Met residues by treatment with CNBr. The major
fragments generated by CNBr treatment were found
to be 30, 17 and 15 kDa by SDS-PAGE. The only
fragment showing any actin-binding activity was the
30 kDa fragment (data not shown), indicating that
no part other than the 30 kDa fragment contains an
actin-binding site. We puri¢ed the 30 kDa fragment
and designated this the CNBr fragment.
The partial amino acid sequence of the CNBr frag-
ment determined from the N-terminal was
DFRANLQRQVKPKTLSEEE. According to the
complete sequence of MLCK [25], this partial se-
quence corresponds to Asp2^Glu20. The ¢rst and sec-
ond Met residues from the N-terminal of MLCK
were Met1 and Met213, indicating that the CNBr
fragment consists of Asp2^Met213.
Fig. 4a shows the actin-binding activity of the
CNBr fragment. The fragment was mixed with actin
¢laments and CaM and subjected to high-speed cen-
trifugation. In the presence of EGTA, almost all of
the CNBr fragment was precipitated with actin ¢la-
ments (compare lane 1 with lane 2). However, in the
presence of Ca2, the precipitation of the CNBr frag-
ment was much reduced (lanes 3, 4). This actin-bind-
ing assay was carried out in the presence of various
concentrations of CNBr fragment (Fig. 4b, inset).
Double reciprocal plots of the relationship between
the amount of CNBr fragment and its free concen-
tration (Fig. 4b) showed that the CNBr fragment in
the presence of CaM was bound with a
Ka = 1.1U105/M in EGTA and with a Ka = 6U104/
M in Ca2 (Table 1). Because of the limitation of our
data, we could not de¢nitely conclude that Ca/CaM
antagonized in a non-competitive manner. However,
the bundling activity, which requires two or more
actin-binding sites in the CNBr fragment, favours
the idea that the antagonism was not simply compet-
itive.
It must be noted that the CNBr fragment does not
contain the well-characterized CaM-binding site
Fig. 3. Binding of MLCK to actin ¢laments. Actin ¢laments
were mixed with various concentrations of MLCK (0^4. 5 WM),
CaM at a 8-fold molar excess over MLCK and EGTA or
Ca2. After incubation, the mixture was subjected to the high-
speed centrifugation assay for actin-binding activity. The
amounts (mol/mol actin) of MLCK bound to actin ¢laments
(ordinate) were plotted against the concentrations (WM) of free
MLCK (abscissa) as shown in the inset and analyzed by double
reciprocal plots. Open circles, with EGTA; ¢lled circles, with
Ca2+.
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(Ala796^Ser815) that regulates the kinase activity of
MLCK ([33] for review). Therefore, the e¡ect of
Ca/CaM is likely to be through a CaM-binding site
in the Ca/CaM-sensitive actin-binding site.
3.5. Bundling of actin ¢laments by the CNBr
fragment
Because the CNBr fragment appears to have two
classes of actin-binding sites, we expect that it can
assemble actin ¢laments in a similar way as parent
MLCK. To examine this, the CNBr fragment or
MLCK was mixed with actin ¢laments and both
mixtures were allowed to assemble. When observed
under a phase-contrast microscope, both mixtures
showed huge dendritic structures (Fig. 1a and b).
Observation with an electron microscope after nega-
tive staining revealed that the structures are assem-
blies of actin ¢laments (Fig. 1c and d). When Ca/
CaM was added to both mixtures, we observed no
structure under a phase-contrast microscope,
although we observed isolated actin ¢laments under
an electron microscope (data not shown).
We also carried out a quantitative assessment of
the bundling activity of the CNBr fragment using the
low-speed centrifugation assay in the presence of var-
ious concentrations of the CNBr fragment (Fig. 5a)
and con¢rmed that it assembled actin ¢laments.
However, higher concentrations of the fragment
than of parent MLCK were required to induce as-
sembly (compare Fig. 2b with Fig. 5a). As mentioned
above, both Ca/CaM-sensitive and insensitive sites
cross-link actin ¢laments to assemble them and the
Ka of only the former site is a¡ected upon cleavage
by CNBr. Therefore, the need for an increased con-
centration of the CNBr fragment is attributable to
the reduced Ka of its Ca/CaM-sensitive actin-binding
site (Table 1).
The e¡ect of Ca/CaM on the assembly was weak
compared with parent MLCK. As shown in Fig. 5b,
the bundling activity was reduced with increased con-
centrations of CaM relative to the CNBr fragment in
the presence of Ca2. To prevent the assembly, 12
mol CaM per mol CNBr fragment was required,
much higher than that required for parent MLCK
(Fig. 2c). We suggest that the a⁄nity for CaM was
also reduced upon cleavage by CNBr, which is con-
¢rmed by the direct measurement of binding of the
CNBr fragment to CaM (see Fig. 7).
Although the a⁄nities of the Ca/CaM-sensitive ac-
Fig. 4. Binding of the CNBr fragment to actin ¢laments. We allowed the CNBr fragment of MLCK to bind to actin ¢laments. (a)
Actin ¢laments were mixed with 8.4 WM CNBr fragment, 20 WM CaM and EGTA or Ca2. After incubation, the mixture was sub-
jected to the high-speed centrifugation assay followed by SDS-PAGE. Lanes 1 and 2, in EGTA, and 3 and 4, in Ca2 ; 1 and 3,
supernatants after the centrifugation; 2 and 4, precipitates after the centrifugation. (b) Various concentrations (0^10 WM) of the CNBr
fragment in EGTA or Ca2 were allowed to bind to actin ¢laments in the presence of CaM at a 9-fold molar excess over the frag-
ment. The amounts (mol/mol actin) of the fragment bound to actin ¢laments were plotted against the concentration (WM) of the free
fragment as shown in the inset and analyzed by double reciprocal plots. Open circles, EGTA; closed circles, in Ca2.
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tin-binding site and CaM-binding site were reduced,
the CNBr fragment contained Ca/CaM-sensitive and
insensitive sites and the CaM-binding site. Thus, we
see that this fragment is the actin-binding core of
MLCK.
3.6. The NTCB fragment consists of only the
Ca/CaM-sensitive actin-binding site
Kanoh et al. [19] have obtained an actin-binding
fragment from MLCK by cleavage with the 5, 5P-
Fig. 6. Binding of the NTCB fragment to actin ¢laments and bundling of actin ¢laments by the NTCB fragment. (a) SDS-PAGE of
the NTCB fragment. (b) Binding of actin ¢laments by the NTCB fragment was examined as described in the legend to Fig. 3. The
amount (mol/mol actin) of 5 WM NTCB fragment with CaM at a 9-fold molar excess over the NTCB fragment in EGTA (open
circles) or Ca2 (¢lled circles) was plotted against the total concentration of the fragment (WM). (c) Actin ¢laments were bundled by
various concentrations of NTCB fragment (0^20 WM) and CaM at a 9-fold molar excess over the fragment in EGTA as described in
the legend to Fig. 2b. N.B. The bundling activity was not detected in this fragment.
Fig. 5. Bundling of actin ¢laments by the CNBr fragment. (a) Actin ¢laments were mixed with various concentrations of the CNBr
fragment (0^21 WM) and CaM at a 9-fold molar excess over the CNBr fragment in EGTA or CaCl2. The bundling activity of the
fragment was examined by the low-speed centrifugation assay. Open circles, in EGTA; ¢lled circles, in Ca2. (b) The e¡ect of CaM
on the actin-bundling activity of 5 WM CNBr fragment was examined in the presence of Ca2. The amount (%) of the bundled ¢la-
ments was plotted against the molar ratio of CaM to the fragment. For other details, see the legend to Fig. 2.
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dithiobis (2-nitrobenzoic acid)-cyanide complex at
Cys residues (see Fig. 6a for SDS-PAGE). We also
cleaved MLCK at the same residues by treatment
with NTCB (see Section 2). We con¢rmed their [19]
and our [18] reports that the NTCB fragment binds
to actin ¢laments with a single binding constant of
Ka = 2.0U105/M (Fig. 6c and Table 1). Our new ¢nd-
ing is that the NTCB fragment does not bind to actin
¢laments in the presence of Ca2 and CaM at a
9-fold molar excess (Fig. 6b). Thus, we conclude
that the single actin-binding site of the NTCB frag-
ment is Ca/CaM-sensitive. Its Ka is low compared
with the Ca/CaM-sensitive actin-binding site of
parent MLCK and is comparable to the Ka of the
equivalent site on the CNBr fragment (Fig. 4b). We
speculate that the Ka of this site is reduced when it is
cleaved from parent MLCK.
We subjected actin ¢laments mixed with various
concentrations of the NTCB fragment to the low-
speed centrifugation assay to see whether it assem-
bles actin ¢laments. As shown in Fig. 6c, we failed to
detect any bundling activity by the NTCB fragment.
This result con¢rms our idea that the NTCB frag-
ment contains only a Ca/CaM-sensitive actin-binding
site and that both Ca/CaM-sensitive and insensitive
sites are required for MLCK to assemble actin ¢la-
ments.
3.7. Bundling activity as examined by recombinant
fragments of MLCK
With the native fragments produced by the chem-
ical cleavage of MLCK, we could not examine
whether the Ca/CaM-insensitive actin-binding site
alone could bundle actin ¢laments without assistance
from the Ca/CaM-sensitive site. To address such a
question, we expressed the recombinant NC frag-
ment, which includes the Ca/CaM-insensitive site
[18]. As shown in Fig. 7, the percentages of actin
¢laments precipitated by the formation of bundles
in the presence and absence of the NC fragment
were 15.8 þ 0.2% (mean þ S.E.M., n = 3) and
15.8 þ 0.6% (mean þ S.E.M., n = 3), respectively, indi-
cating that the Ca/CaM-insensitive site is not able to
assemble actin ¢laments.
Similarly, the NN fragment, analogous to the
NTCB fragment, being composed of only the Ca/
CaM-sensitive site, could not assemble actin ¢la-
ments (17.1 þ 0.5%, (mean þ S.E.M., n = 3)).
When the N fragment, designed to contain both
the NN and NC fragment [17], was mixed with actin
¢laments, it precipitated them by forming bundles
(76.4 þ 2.0%, (mean þ S.E.M., n = 3)) in a similar
way as parent MLCK (53.5 þ 1.2%, (mean þ S.E.M.,
n = 3)). The actin-bundling activity of the N fragment
con¢rms the result with the CNBr fragment that
cross-linking between Ca/CaM-sensitive and insensi-
tive sites assembles actin ¢laments into bundles.
These results with the recombinant fragments were
in good agreement with those with the native frag-
ments shown in Figs. 2,5,6, except that the N frag-
ment assembled more e¡ectively than parent MLCK.
The discrepancy suggests that both Ca/CaM-sensitive
and insensitive sites of the N fragment, but not of
parent MLCK, are exposed so that they can interact
more easily with actin molecules.
Fig. 7. Bundling of actin ¢laments by the recombinant frag-
ments of MLCK. Actin ¢laments (12 WM) in 70 mM KCl, 1 mM
EGTA and 20 mM Tris-HCl (pH 7.5) were mixed with 3 WM
of MLCK, the N fragment (N) containing both Ca/CaM-sensi-
tive (2^41 sequence of Fig. 9) and insensitive (138^213 sequence
of Fig. 9) actin-binding sites, the NN fragment (NN) containing
the Ca/CaM-sensitive actin-binding site or the NC fragment
(NC) containing the Ca/CaM-insensitive actin-binding site. The
mixtures were subjected to the low-speed centrifugation assay
to determine the actin-bundling activity. The percentage of ac-
tin ¢laments precipitated by forming bundles is shown together
with the S.E.M. (n = 3). Actin refers to the control without
MLCK or its fragments.
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3.8. Direct detection of the interaction of MLCK and
its fragments with CaM
In the previous report [18], CaM-binding activities
of parent MLCK and its recombinant fragments
were measured by surface plasmon resonance using
a CaM-binding cubette with the IAsys Cubette Sys-
tem. In this study, we examined the activities of pa-
rent MLCK and its CNBr and NTCB fragments in a
di¡erent way. The £uorescence emission spectrum of
dansyl-CaM changes when Ca2 and/or CaM-bind-
ing proteins are present [27]. The £uorescence spec-
trum of dansyl-CaM in the presence of EGTA ex-
hibited a peak at 518 nm (Fig. 8a, dotted line). Upon
addition of CaCl2 to a ¢nal concentration of 1 mM
Ca2 (Fig. 8a, broken line), the peak shifted to 507
nm and increased its intensity. Further addition of
MLCK (Fig. 8a, continuous line) or its fragments
(not shown) increased the intensity and produced a
small peak at 473 nm. Therefore, we measured the
increase in the intensity at 473 nm to monitor the
interaction between CaM and MLCK or its frag-
ments. As shown in Fig. 8b, the intensity increased
with an increase in the concentration of the CNBr,
NTCB or N fragment in the presence of Ca2. How-
ever, the increases for all fragments were so gradual
that 6 mol/mol CaM was not su⁄cient to reach the
maximal values. A comparable observation was
shown with the NN fragment in Fig. 2a in [16].
The correlation between the results for the fragments
con¢rms that they share a CaM-binding site that
regulates the Ca/CaM-sensitive site for actin binding.
Changes in the intensity dye to addition of MLCK
are also shown in Fig. 8b. The intensity increased
until a molar ratio of between two and three, at
which point saturation was reached. MLCK has a
CaM-binding site that regulates its kinase activity
at the site near the kinase domain ([1], for review)
in addition to a novel CaM-binding site detected in
the CNBr, NTCB and N fragments as described
above. Therefore, MLCK interacts with dansyl-
CaM at both sites, which explains the larger increase.
The feature of the relationship implies that the a⁄n-
ity of MLCK to CaM is the same at both sites.
However, this implication remains to be demon-
strated more clearly.
3.9. Assignment of actin-binding sites in the MLCK
molecule
The high-speed centrifugation assay for the actin-
binding activity of the mixture of MLCK and its
110 kDa fragment (Table 2) showed that both bound
to actin ¢laments but that the amount of the bound
110 kDa fragment was lower than that of MLCK. In
the presence of Ca/CaM, the binding of MLCK was
a¡ected, but the binding of the 110 kDa fragment
was not. Therefore, we concluded that the 110 kDa
fragment is devoid of the Ca/CaM-sensitive actin-
binding site and contains only the Ca/CaM-insensi-
tive site. The partial amino acid sequence from the
Fig. 8. Interaction of CaM with MLCK, the CNBr fragment
and NTCB fragment as measured with dansyl-CaM £uores-
cence. (a) Emision spectra from dansyl-CaM were obtained as
described in Section 2. Dotted line, in the presence of 0.1 mM
EGTA; broken line, in the presence of 0.1 mM Ca2 ; continu-
ous line, in the presence of 0.04 WM MLCK and 0.1 mM Ca2.
(b) Fluorescence at 473 nm was recorded by adding MLCK or
its fragments to dansyl-CaM cumulatively in the presence of
Ca2. The increase in the intensity (ordinate) was plotted
against the molar ratios of MLCK and its fragments to CaM
(abscissa). Square, MLCK; open circles, N fragment; ¢lled
circles, CNBr fragment; triangles, NTCB fragment.
Table 2
E¡ects of Ca/CaM on the binding of 130 kDa MLCK and its
proteolytic 110 kDa fragment to actin ¢laments
Proteins Amount of proteins bound to actin
¢laments
EGTA Ca2
MLCK 62.8 þ 12.3% 14.6 þ 3.5%
110 kDa fragment 14.5 þ 9.3% 8.2 þ 4.0%
mean þ S.E.M., n = 3.
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N-terminal of the 110 kDa fragment showed the se-
quence SKPTPPPSKG, indicating that its N-termi-
nal is Ser138. On the other hand, the N-terminal of
the 130 kDa band was blocked by acetylation, con-
¢rming that it is the parent MLCK molecule.
Fig. 9 compares the structure of parent MLCK
with its fragments. Because the actin-binding of
MLCK and its fragments was a¡ected by Ca/CaM,
their common sequence of Asp2^Lys42 must contain
the Ca/CaM-sensitive actin-binding site. Studies with
the recombinant fragments of MLCK suggest that
the Ca/CaM-sensitive site consists of Asp2^Pro41
[20].
On the other hand, the Ca/CaM-insensitive site
would be in the common sequence between the
CNBr fragment and the 110 kDa fragment, i.e.
Ser138^Met213. The recombinant NC fragment, which
was expressed from the cDNA of bovine stomach
MLCK, is composed of Pro140^Val515 [18] of chicken
gizzard MLCK [25]. Therefore, the Ca/CaM-insensi-
tive site would be within the sequence of Pro140^
Met213 as shown in Fig. 9.
4. Discussion
We have demonstrated here that MLCK assembles
actin ¢laments into bundles by cross-linking them
between its Ca/CaM-sensitive and insensitive actin-
binding sites. The CNBr fragment, Asp2^Met213,
showed both Ca/CaM-sensitive and insensitive actin
binding and assembled actin ¢laments in a similar
way to MLCK. Further, we have shown that this
fragment is the sole fragment that showed actin-
binding activity when the CNBr digests of MLCK
were allowed to bind to actin ¢laments. Therefore,
this fragment is the actin-binding core of MLCK.
The activity of MLCK to assemble actin ¢laments
half-maximally was only 8.3 mol actin/mol MLCK
(Fig. 2b), about 2% of an actin ¢lament. Further, the
molar ratio of MLCK to actin in smooth muscle cells
was between 200 and 300 [19]. Therefore, the bun-
dling activity of MLCK is too low to give it a phys-
iological relevance. However, recent publications re-
port that MLCK in smooth muscle cells is in
association with myo¢bril [7] or myosin light chain
phosphatase [34], suggesting the involvement of an-
other protein in increasing the a⁄nity of MLCK for
actin. We will ¢nd the physiological role of the bun-
dling activity in smooth muscle only when such a
protein can be identi¢ed.
MLCK shows a Ca/CaM-dependent polymerizing
activity, which modi¢es its kinase activity [31,35^37].
Under conditions that are devoid of Ca/CaM,
MLCK is demonstrated to be monomeric by analyt-
ical ultracentrifugation. However, the demonstration
was insu⁄cient, leaving a possibility that the e¡ect of
polymerization might be partially included in the ac-
tin bundle formed by parent MLCK shown in Fig.
2b.
MLCK has two distinct CaM-binding sites. The
¢rst site is at Ala796^Leu813 and regulates its kinase
activity [25] and the second, at Pro26^Pro41, regulates
its actin-binding activity [18]. To demonstrate that
the both sites work in intact MLCK, we synthesized
Pro26^Pro41 and Ser787^Ser815 peptides and allowed
them to challenge the regulatory role of Ca/CaM.
The former and the latter was e¡ective for actin-
Fig. 9. Schematic diagram of MLCK and its fragments.
MLCK, 110 kDa proteolytic fragment, the CNBr-fragment,
and the NTCB-fragment are represented by open bars. The
upper ¢lled bars are actin-binding sites deduced from the actin-
binding activity of these fragments. The lower ¢lled bars are
those of previous work with the recombinant fragments (see
Fig. 7). The Ca/CaM-sensitive and insensitive, actin-binding
sites are assigned by the arrows. The numbers refer to amino
acid numbers from the N-terminal of chicken gizzard MlCK
(25)
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binding and kinase activities, respectively (Fig. 8 in
[18]).
To further observe CaM-binding by MLCK, we
studied £uorescence from dansyl-CaM as shown in
Fig. 8. CaM-binding was saturated at a molar ratio
of 2^3, suggesting that each MLCK molecule binds
two CaM molecules with a similar a⁄nity. However,
the a⁄nity of the CNBr fragment, which contains
only the 26^41 site was much lower (Fig. 8b). We
speculate that this lower a⁄nity is caused by CNBr
cleavage. Similarly, to antagonize the actin-binding
(Fig. 3b) and actin-bundling (Fig. 2b) activities of
MLCK, 1^2 mol CaM per mol MLCK is su⁄cient.
However, a 12-fold excess of CaM is required to
disassemble actin bundles induced by the CNBr frag-
ment (Fig. 5). Thus, reduction in the a⁄nity for
CaM at the 26^41 site upon the cleavage was further
con¢rmed. We speculate that the a⁄nity of the 26^41
sequence for CaM is as high as that of the 796^813
sequence and that the former should bind CaM
under physiological conditions.
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